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MYB transcription factors regulate multiple aspects of plant growth and development. 
Among the large family of MYB transcription factors, single-repeat R3 MYBs are 
characterized by their short sequence (< 1 20 amino acids) consisting largely of the single 
MYB DNA-binding repeat. In the model plant Arabidopsis, R3 MYBs mediate lateral 
inhibition during epidermal patterning and are best characterized for their regulatory roles 
in trichome and root hair development. R3 MYBs act as negative regulators for trichome 
formation but as positive regulators for root hair development. In this article, we provide a 
comprehensive review on the role of R3 MYBs in the regulation of cell type specification 
in the model plant Arabidopsis. 
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INTRODUCTION 

In plants, MYB transcription factors are encoded by a large family 
of genes (Stracke et al., 2001; Chen et al, 2006; Dubos et al, 2010; 
Katiyar et al., 2012). They play important roles in regulating plant 
growth and development and plant responses to environmen- 
tal stimuli. There are several sub-families of MYB transcription 
factors, defined by the number of MYB DNA-binding domain 
repeats. These include 4R-MYB, 3R-MYB, R2R3-MYB, and 1R- 
MYB subfamilies that contain four, three, two and one MYB 
DNA-binding domain repeats, respectively (Dubos et al, 2010). 

In the model plant Arabidopsis, there are a total of 64 1R-MYB 
or MYB-related proteins (Dubos et al., 2010). Among this sub- 
family, there are a unique set of lR-MYBs that are characterized 
by their short sequence (<120 amino acids) consisting largely of 
the single R3 MYB repeat. These small proteins are referred as 
single-repeat R3 MYB transcription factors (R3 MYBs) and are 
subjects of this review article. We provide a comprehensive review 
about the function and action of R3 MYBs in the model plant 
Arabidopsis, particularly, in trichome and root hair development. 

R3 MYBs IN ARABIDOPSIS 

In the completely-sequenced model plant Arabidopsis thaliana 
(hereafter referred as Arabidopsis), a total of seven genes 
encoding R3 MYBs have been reported so far. These include 
TRIPTYCHON (TRY)(Schnittger et al, 1999; Schellmann et al, 
2002), CAPRICE (CPC) (Wada et al, 1997, 2002), ENHANCER 
OFTRYAND CPC1 (ETC1) (Eschetal, 2004; Kiriketal, 2004a), 
ETC2 (Kirik et al, 2004b), ETC3/CAPRICE-LIKE MYB3 (CPL3) 
(Simon et al., 2007; Tominaga et al, 2008; Wang et al., 2008), 

Abbreviations: CPC, CAPRICE; CPL3, CAPRICE-LIKE MYB3; CPL4, CAPRICE- 
LIKE MYB4; EGL3, ENHANCER OF GLABRA3; ETC1, ENHANCER OF TRY 
AND CPC1; ETC2, ENHANCER OF TRY AND CPC2; ETC3, ENHANCER 
OF TRY AND CPC3; GL1, GLABRA1; GL2, GLABRA2; GL3, GLABRA3; 
TCL1, TRICHOMELESS 1 ; TCL2, TRICHOMELESS2; TRY, TRIPTYCHON; TTG1, 
TRANSPARENT TESTA GLABRA1. 



TRICHOMELESS 1 (TCL1) (Wang et al, 2007) and TCL2/CPL4 
(Can et al., 2011; Tominaga-Wada and Nukumizu, 2012). These 
seven R3 MYB proteins share approximately 52-82% similar- 
ity, and 37-68% identity to each other at the amino acid level 
(Figure 1). They consist of largely the single MYB DNA-binding 
repeat, with the total number of amino acid of each protein 
ranging from 77 to 112. 

In order to search for any other potential R3 MYBs encoded 
by the Arabidopsis genome, the amino acid sequence of TRY 
was used as a template for searching protein sequence homologs 
encoded by the fully-sequenced Arabidopsis genome using the 
"Protein Homologs" tool of Phytozome (www.phytozome.net). 
In addition to CPC, ETC1, ETC2, ETC3, TCL1 and TCL2, the 
search identified eight other proteins. These included MYB3, 
MYB4, MYB5, MYB23, MYB82, GL1, TT2, and WER (Figure SI). 
However, R3 MYBs were clustered in one distinct branch of the 
phylogenetic tree (Figure S2). Furthermore, those eight MYBs are 
mostly R2R3-MYBs, are typically twice the size of R3 MYBs in 
term of number of amino acids, and share low similarity (17— 
34%) and identity (10-23%) with R3 MYBs at the amino acid 
level (Figure S3). Therefore, these MYBs are not considered to be 
R3 MYB proteins and no additional R3 MYB was identified. 

It should be noted that an R3 MYB-related protein, designated 
as MYBL2, has been shown to be involved in the regulation of 
flavonoid biosynthesis (Dubos et al, 2008; Matsui et al, 2008). 
Amino acid alignment and phylogenetic analysis indicated that 
MYBL2 is more similar to other MYBs than R3 MYBs. For exam- 
ple, the number of amino acid of MYBL2 (195 aa) is almost twice 
that of R3 MYBs (Figure SI). In addition, the cell-cell movement 
motif WxM (further discussed in the next section) is not con- 
served in MYBL2 (Figure SI). Therefore, MYBL2 is not included 
in our further discussion of R3 MYBs in this review article. 

It should also be noted that there are three transcript variants 
for ETC3, designated as ETC3.1, ETC3.2 and ETC3.3, according 
to the current annotation by TAIR (http://www.arabidopsis.org) 
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FIGURE 1 | Single-repeat R3 MYB transcription factors in Arabidopsis 
thaliana. (A) Amino acid sequence alignment of R3 MYBs. Identical and 
similar amino acids are shaded in black and gray, respectively. The amino 
acids of [D/ElLx2[R/K]X3l_X6l_X3R signature that is required for interaction 
between MYBs and R/B-like bHLH transcription factors are indicated by 
arrowheads on the top of amino acids. The amino acids of WxM 
signature that is crucial for cell-to-cell movement are indicated by 



arrowheads on the bottom of amino acids. The pattern of primary 
structure of MYB repeat, MxtsWx^W, is indicated in a box and amino 
acids are underlined. The Lysine19 (K19) of ETC2 that was proposed to 
control its stability is indicated by an asterisk. (B) Phylogenetic analysis 
of R3 MYBs. The full-length amino acid sequences of each R3 MYB 
were used for the analysis. (C) Similarity and identity of amino acid 
sequences of R3 MYB proteins. 



and Phytozome. Proteins encoded by these three ETC3 transcript 
variants are identical except that compared with ETC.l, ETC3.2 
has deletion of three amino acids and ETC3.3 has deletion of 
two amino acids at a site prior to the conserved bHLH binding 
sequence signature and cell-to-cell movement motif (described 
in the next section) (Figure S4). For simplicity, only ETC3.1 was 
included in our analysis. 

Finally, several chimeric transcripts can be formed between 
ETC2 and TCL2/CPL4, two tandem repeat genes in Chromosome 
II (ETC2: At2g30420; TCL2/CPL4: At2g30424), resulting from 
alternative splicing (Tominaga-Wada and Nukumizu, 2012). 

In summary, the genome of model plant Arabidopsis encodes a 
total of seven R3 MYBs, and these seven R3 MYBs are the subjects 
of this review article. 

R3 MYBs STRUCTURAL FEATURES 

In addition to the small size (77-112 aa) and the constitution of 
a single MYB repeat, there are a number of structural characteris- 
tics of R3 MYBs (Figure 1). Firstly, R3 MYBs contain a sequence 
signature of [D/E]Lx2[R/K]x3Lx6Lx3R that has been shown to 
be required for the interaction between R3 MYBs and R/B-like 
bHLH transcription factors (Zimmermann et al., 2004). It should 
be noted that this bHLH interaction signature is also conserved 
in many other MYB proteins including those showed sequence 
homology with R3 MYBs (Figure SI). Secondly, R3 MYBs con- 
tain a sequence motif WxM that has been shown to be required 



for its cell-to-cell movement (Kurata et al., 2005). This cell-to- 
cell movement motif is not conserved in any other MYBs that 
showed sequence homology with R3 MYBs (Figure SI). Finally, 
the primary structure of MYB repeat in R3 MYBs follow a pat- 
tern of Mxi8Wxi8W, instead of [F/IJxisWxisW that is typically 
found in the R3 MYB repeat of R2R3-MYB proteins and MYBL2 
(Figure SI). Therefore, a combination of these three structural 
features together with the small size and the constitution of a sin- 
gle MYB repeat define a small family of R3 MYB transcription 
factors. 

Due to its constitution of a single MYB repeat, R3 MYBs lack 
the activation domain that is typically present in most transcrip- 
tion factors. Therefore, from the domain structural perspective, it 
is believed that R3 MYBs rely on the interaction with other tran- 
scription factors to execute their transcriptional activity. As dis- 
cussed in details below, this indeed represents a major mechanism 
of action of R3 MYBs. 

FUNCTION OF R3 MYBs IN TRICH0ME DEVELOPMENT 

Trichomes are hair cells produced by the outward growth of 
epidermal cells (Marks, 1997; Hiilskamp and Schnittger, 1998). 
They distribute on the surface of aerial organs including leaves, 
stems and flower organs of most land plants. Trichomes can 
act as barriers to protect plants from biotic (e.g., insect her- 
bivores) and abiotic stresses, UV light irradiation and exces- 
sive transpiration (Mauricio and Rausher, 1997; Eisner et al., 
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1998; Werker, 2000; Wagner et al., 2004). Some trichomes or 
trichome-produced compounds are of great commercial value. 
For example, single-celled seed trichomes of Gossypium hirsu- 
tum, cotton fibers, are the most important natural fiber for the 
textile industry (Kim and Triplett, 2001). Multi-celled glandu- 
lar trichomes of Artemisia annua accumulates artemisinin, a drug 
that is widely used for the treatment of malaria (Liu et al., 2006; 
Lommen et al., 2006). Therefore, study of trichome develop- 
ment may lead to the improvement of agronomical and eco- 
nomical traits in plants such as resistance to insect herbivores, 
improvement of cotton fiber yield and quality, and increase in 
yield of oil or other plant products contained in glandular tri- 
chomes. Furthermore, trichome has become an excellent system 
to study cell type specification (Schiefelbein, 2003; Pesch and 
Hulskamp, 2004; Serna, 2005; Schellmann et al., 2007). In this 
review article, we specifically focus on discussing the role of R3 
MYBs in single-celled trichome development in the model plant 
Arabidopsis. 

The genetic control of trichome development has been stud- 
ied extensively in the last 20 years. It has been generally rec- 
ognized that trichome initiation is promoted by an activator 
complex consisting of a WD40-repeat protein, TRANSPARENT 
TESTA GLABRA1 (TTG1) (Galway et al, 1994; Walker et al., 
1999), an R2R3 MYB-type transcription factor, GLABRA 1 (GL1) 
(Oppenheimer et al., 1991), and a bHLH transcription factor, 
GLABRA3 (GL3) or ENHANCER OF GLABRA3 (EGL3)(Payne 
et al., 2000; Zhang et al., 2003). Yeast two hybrid experiments 
showed that both GL1 and TTG1 bind GL3 but at different 
regions of the GL3 protein and that TTG1 and GL1 do not 
interact (Payne et al, 2000). This TTG1-GL3/EGL3-GL1 activa- 
tor complex induces the expression of a homeodomain protein, 
GLABRA2 (GL2) (Rerie et al, 1994; Masucci et al, 1996), which is 
required for trichome initiation. The trichome initiation involves 
feedback loop controls: in addition to inducing GL2 expression, 
the TTG1-GL3/EGL3-GL1 activator complex induces the expres- 
sion of R3 MYB genes. R3 MYBs can move from a trichome 
precursor cell to its neighboring cell and compete with GL1 for 
binding GL3 or EGL3 thus disrupting the functionality of the acti- 
vator complex, resulting in the inhibition of trichome initiation 
(Hulskamp et al, 1994; Schellmann et al., 2002; Esch et al, 2003; 
Schiefelbein, 2003; Pesch and Hulskamp, 2004; Ishida et al., 2008; 
Pesch and Hulskamp, 2009). 

According to this model, R3 MYBs act as negative regulators 
of trichome initiation. Consistent with this view, overexpres- 
sion of each of seven R3 MYBs resulted in glabrous phenotypes 
and loss-of-function mutation in R3 MYBs resulted in more tri- 
chome formation except etcl single mutant (Wada et al, 1997; 
Schnittger et al, 1999; Schellmann et al, 2002; Wada et al, 2002; 
Esch et al., 2004; Kirik et al, 2004a,b; Simon et al, 2007; Wang 
et al, 2007; Tominaga et al., 2008; Wang et al, 2008; Wester 
et al., 2009; Gan et al., 2011; Tominaga- Wada and Nukumizu, 
2012). However, differences in severity and pattern of trichome 
formation have been observed in the single mutants of R3 MYB 
genes. The trichome phenotypes of R3 MYB single mutants can 
be categorized into three groups: (i) increased trichome cluster- 
ing on leaf (try), (ii) increased trichome density on leaf (cpc, 
etc2, and etc3), and (iii) normal trichome density on leaves but 



increased trichomes on inflorescence stems and pedicels (tell, 
tcl2). It should be noted that the phenotype of increased trichome 
number on leaves of etc2 and etc3 single mutants is generally weak, 
which have resulted in inconsistent results among different stud- 
ies. For example, the trichome phenotype of etc2 single mutant 
was not detected in a few studies (Simon et al., 2007; Tominaga 
et al, 2008; Wang et al, 2008) but was detected in the study 
by Kirik et al. (2004b). Analysis of Arabidopsis natural variation 
population supported that ETC2 regulates trichome formation 
on leaves (Hilscher et al., 2009). As mentioned above, among 
all single mutants of R3 MYB genes, only etcl single mutant 
did not display any detectable trichome phenotypes (Kirik et al., 
2004a). Taken together, analysis of single mutants of R3 MYB 
genes suggested that among seven R3 MYBs, TRY is the predom- 
inant member controlling trichome clustering, TCL1 and TCL2 
are the predominant members controlling trichome development 
on inflorescence stem and pedicels, and CPC, ETC2, and ETC3 
mainly regulate trichome development on leaves. Table 1 sum- 
marizes the trichome and root hair phenotypes of R3 MYB single 
mutants and overexpression lines. 

Analysis of double, triple, quadruple and higher order mutants 
revealed redundancy among R3 MYB genes in each of these three 
categories. For example, try cpc double mutants have more tri- 
chome clusters than try single mutant and have more trichomes 
on leaves than cpc single mutant (Schellmann et al., 2002; Kirik 
et al, 2004a; Wang et al., 2008). Analysis of tell cpc etcl etc3 
quadruple mutants revealed that TCL1 is also involved in the reg- 
ulation of trichome density on leaves (Wang et al., 2008). Analysis 
of tell cpc double mutants revealed that CPC is also involved 
in the regulation of trichome formation on upper inflorescence 
stem and pedicles (Wang et al, 2007). try cpc etcl tell quadru- 
ple mutants form trichomes in almost all aerial parts of the plant 
(Wang et al., 2008) (Figure 2). Although etcl single mutant did 
not display any detectable trichome phenotypes, analysis of dou- 
ble, triple and quadruple mutants suggested that etcl mutation 
can enhance trichome phenotypes in each of those three cate- 
gories (Kirik et al, 2004a; Wang et al, 2008; Wester et al, 2009). 

Taken together, all seven R3 MYBs negatively regulate tri- 
chome formation in a largely redundant manner. Specificities 
have also been observed, which will be further discussed in a later 
section. 

FUNCTION OF R3 MYBs IN ROOT HAIR DEVELOPMENT 

Root hair is a tubular outgrowth of a trichoblast, a hair-forming 
cell on the epidermis of a plant root (Gilroy and Jones, 2000). 
Root hairs are formed in the region of maturation zone of 
the root. They are lateral extensions of a single cell and rarely 
branched. Root hairs help plant collect water and mineral nutri- 
ents (Gilroy and Jones, 2000). Similar to the trichome system, root 
hair has become an excellent system to study cell type specifica- 
tion (Ishida et al., 2008; Schiefelbein et al., 2009; Tominaga- Wada 
et al, 201 1; Grebe, 2012; Ryu et al., 2013). Root hair development 
follows a position-dependent pattern. Epidermal cells in contact 
with two underlying cortical cells differentiate into hair cells (H 
cells; trichoblasts) whereas cells that contact only a single cortical 
cell differentiate into mature hairless cells (N cells; atrichoblasts) 
(Schiefelbein, 2000; Dolan and Costa, 2001). 
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Table 1 | Summary of R3 MYB transcription factors in Arabidopsis. 
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FIGURE 2 | R3 MYB transcription factors function redundantly to 
control trichome formation in Arabidopsis. In Col wild type plant (left), 
trichomes were observed on leaves, lower part of stems and flower organs. 
In try cpc etc! tell quadruple mutant (right), trichomes were observed in 
almost all aerial parts of the plants. 



The genetic control of root hair formation is remarkably 
similar to that of trichome initiation with all same components 
in the activator complex except that GL1 is replaced by another 
R2R3-MYB transcription factor, WEREWOLF (WER) (Lee and 



Schiefelbein, 1999). Recently, it was found that WER positively 
regulates the expression of MYB23, an R2R3 MYB, during root 
epidermis development (Kang et al, 2009). Similar to WER, 
MYB23 specifies non-hair cell type and can substitute for the 
function of WER. Unlike WER, MYB23 regulates its own expres- 
sion, providing a positive feedback loop to reinforce cell fate 
decisions and root epidermal patterning (Kang et al., 2009). The 
TTG1-GL3/EGL3-WER activator complex induces the expression 
of GL2 and R3 MYBs. R3 MYBs can move from an N cell to a 
neighboring H cell to compete with WER for binding GL3 or 
EGL3, thus limiting the activity of the TTG 1 -GL3/EGL3- WER 
activator complex (Ishida et al., 2008; Schiefelbein et al., 2009; 
Tominaga-Wada et al, 2011; Grebe, 2012; Ryu et al, 2013). 
Opposing to that in the trichome initiation system, positive reg- 
ulators of trichome initiation function as negative regulators of 
root hair formation and vice versa. Therefore, R3 MYBs are 
positive regulators of root hair formation. 

According to this model, overexpression of R3 MYBs is 
expected to result in increased root hair formation whereas loss- 
of-function mutation results in decreased root hair formation. 
This is indeed the general trend. However, differences have been 
observed. TCL1 and TCL2 appeared to have diverged the most 
among R3 MYB subfamily because overexpression of TRY, CPC, 
ETC1, ETC2, and ETC3 rendered more root hair formation 
(Tominaga et al., 2008) whereas overexpression of TCL1 and 
TCL2 had no effect on root hair formation (Wang et al, 2007; 
Gan et al, 2011). Among all single mutants of R3 MYBs, only 
try and cpc single mutants have been consistently shown to have 



Frontiers in Plant Science | Plant Cell Biology 



April 2014 | Volume 5 | Article 133 | 4 



Wangand Chen 



R3 MYB transcription factor 



decreased root hair formation and cpc single mutant had stronger 
root hair phenotype than try mutant (Wada et al, 1997, 2002; 
Schellmann et al., 2002). Although etc3 single mutant was shown 
to display wild-type root hair phenotypes in two studies (Simon 
et al., 2007; Wang et al., 2008), it was shown to produce less root 
hairs in two other studies (Tominaga et al., 2008; Wester et al., 
2009), indicating that the root hair phenotype of etc3 mutant is 
generally weak. Other single mutants including etcl, etc2, tell, and 
tcl2 displayed little or no root hair phenotypes. These results sug- 
gested that CPC is the predominant member of R3 MYB family 
controlling root hair formation. 

Analysis of double, triple and quadruple mutants revealed that 
other R3 MYB genes may function redundantly with CPC to 
positively regulate root hair formation. Analysis of etcl cpc dou- 
ble mutant and etcl try cpc triple mutant revealed that ETC1 
functioned redundantly with TRY and CPC to control root hair 
formation (Kirik et al., 2004a). Analysis of cpc etcl etc3 tell 
quadruple mutants indicated that TCL1 positively regulate root 
hair formation (Wang et al, 2008). Analysis of etc3 cpc double 
mutant revealed that ETC3 functioned redundantly with CPC 
to control root hair formation (Tominaga et al., 2008). Taken 
together, five of the seven R3 MYB genes have been shown to be 
involved in the regulation of root hair formation. So far, a role of 
ETC2 and TCL2 in root hair formation has not been reported. 

OTHER FUNCTIONS OF R3 MYBs 

In addition to regulating trichome and root hair development, 
R3 MYBs have been shown to be involved in the regulation of 
other processes including flowering, anthocyanin accumulation 
and stomatal formation. This is consistent with the observation 
that the expression of R3 MYB genes is not restricted to tri- 
chomes and root hairs. For example, TRY is also expressed in 
inflorescence and siliques (Schellmann et al., 2002). 

etc3/cpl3 mutant was shown to flower earlier with fewer leaves 
than the wild-type (Tominaga et al., 2008; Tominaga- Wada et al., 
2013b) although the early flowering phenotype was not repro- 
duced by another study (Wester et al., 2009). Subsequently, it 
was shown that mutations in TRY or CPC delayed flowering of 
etc3/cpl3 mutant and a mutation in ETC1 did not further delay 
flowering but reduced plant size (Tominaga- Wada et al., 2013b). 
Mutations in ETC3/CPL3 were also shown to affect endoredupli- 
cation (Tominaga et al, 2008). 

CPC was found to be a positive regulator of stomatal for- 
mation in the hypocotyl (Serna, 2008). CPC was localized in 
the nucleus and peripheral cytoplasm of fully differentiated epi- 
dermal cells in hypocotyl. CPC expression in differentiating 
stomaless-forming cells was shown to be positively regulated 
by TOO MANY MOUTHS (TMM), a leucine-rich repeat- 
containing receptor-like protein expressed in proliferative post- 
protodermal cells (Nadeau and Sack, 2002). Furthermore, CPC 
acts redundantly with TRY to promote stomata formation. 

Because GL3, EGL3, and TTG1 of the activator complex are 
also involved in the regulation of seed coat mucilage and antho- 
cyanin production, in addition to the regulation of trichome 
and root hair formation (Zhang et al., 2003), and that TTG1- 
GL3/EGL3-GL1 and TTG 1 -GL3/EGL3 - WER complexes activate 
the expression of R3 MYB genes, it raises a question of whether 



R3 MYBs also regulate anthocyanin and seed coat mucilage pro- 
duction. Molecular and genetic studies suggested that R3 MYBs 
regulate anthocyanin biosynthesis but not seed coat mucilage 
production. 

CPC was shown to be a negative regulator of anthocyanin 
biosynthesis (Zhu et al, 2009). Overexpression of CPC repressed 
a total of 85 genes at the whole genome level. Of these 85 
genes, seven are later anthocyanin biosynthesis genes. As dis- 
cussed above, the action of R3 MYBs in the regulation of trichome 
and root hair development involves the TTG1-GL3/EGL3-GL1 
and TTG1-GL3/EGL3-WER activator complex, respectively. The 
regulation of anthocyanin biosynthesis involves a similar TTG1- 
bHLH-MYB activator complex (Walker et al, 1999; Zhang et al, 
2003; Zimmermann et al., 2004; Gonzalez et al, 2008). Unlike the 
trichome and root hair activator complexes, the MYB function 
is executed by PAP1 and PAP2. GL3/EGL3 interacts with both 
TTG1 and PAP1/PAP2, acting as positive regulators of antho- 
cyanin biosynthesis (Zhang et al., 2003; Zimmermann et al., 
2004). Transient expression analysis indicated that CPC com- 
petes with PAP1/PAP2 for binding with GL3/EGL3. Similarly, 
a tomato ortholog of TRY was also shown to negatively regu- 
late anthocyanin accumulation (Nukumizu et al, 2013). Among 
all R3 MYBs, only CPC appears to act in the negative feedback 
on anthocyanin accumulation in response to nitrogen starvation 
conditions (Nemie-Feyissa et al, 2014). 

For seed coat mucilage, in addition to TTG1, it requires bHLH 
transcription factor EGL3 and TT8, and MYB transcription factor 
MYB61 (Zhang et al, 2003). Analysis of single, double and higher 
order R3 MYB mutants did not reveal defects in seed mucilage 
production (Zhu et al., 2009; Wang et al., 2010), suggesting that 
R3 MYBs do not regulate seed mucilage biosynthesis. 

REDUNDANCY AND SPECIFICITY OF R3 MYBs 

As discussed above, R3 MYBs can function redundantly to regu- 
late trichome and root hair development. However, although R3 
MYBs are small in size (77-112 aa) and are similar (52-82%) to 
each other at the amino acid level, some members exhibit distinct 
function than others in trichome and root hair development. For 
example, among all R3 MYBs, TRY is characteristic of its regula- 
tory role in trichome clustering, CPC is characteristic of its role 
in root hair development, and TCL1 and TCL2 are characteristic 
of their roles in trichome development on the inflorescence stem 
and pedicels. What determines the functional specificity of each 
R3 MYB? In general, there are a number of attributes of functional 
specificity of any given genes including the expression level, spa- 
tiotemporal expression of the gene and the biochemical property 
of the protein (e.g., transcriptional activity, protein stability and 
protein subcellular localization). The expression level and pat- 
tern of a gene are largely determined by the promoter activity 
whereas the biochemical properties of the protein are determined 
by the amino acid constitution of the protein. R3 MYBs display 
differences in both categories. 

PROMOTER ACTIVITY 

At the transcript level, differences in tissue/organ expression of 
R3 MYB genes have been observed. Among all seven R3 MYB 
genes, ETC2 and TCL1 were not expressed in the root (Kirik et al., 
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2004b; Wang et al., 2007). The transcript of TCL2/CPL4 was also 
not detected or at very low level in the root as determined by RT- 
PCR (Gan et al, 2011; Tominaga-Wada and Nukumizu, 2012). 
These results implied that these three R3 MYB genes do not play a 
major role in regulating root hair formation. This view is consis- 
tent with the observation that none of etc2, tell , and tcl2 single 
mutants displayed root hair phenotypes. Therefore, the differ- 
ences in tissue/organ expression patterns of R3 MYBs determine 
the first level of specificities. Nonetheless, all of these three genes 
tested were able to partially rescue the root hair phenotype of 
epe mutant when their expression was driven by CPC promoter 
(Simon et al., 2007). These results reinforce the concept that the 
normal functions of these genes are restricted by their promoter 
activities. 

Results from promoter-swap experiments supported that tran- 
scriptional regulation is important for the functional diversity of 
R3 MYB genes (Wester et al, 2009). When ETC3 was expressed 
under the promoter of ETC3, TRY or CPC, it could equally 
rescue the trichome phenotype of etc3 mutant (Wester et al., 
2009), suggesting that the promoters of TRY, CPC, and ETC3 
are interchangeable with respect to etc3 single mutant rescue. 
However, when these constructs (pETC3:ETC3, pTRY:ETC3, and 
pCPC:ETC3) were used to complement triple mutants containing 
etc3, qualitative differences were observed. pETC3:ETC3 construct 
rescued the epe try etc3 mutant to the same extent as the try 
epe mutant whereas pTRY:ETC3 and pCPC:ETC3 displayed an 
over-rescued phenotype resembling that of try. Differences were 
also observed between pTRY:ETC3 and pCPC:ETC3 in terms of 
trichome cluster phenotypes. These results suggest that the reg- 
ulation of expression of R3 MYB genes is important for their 
functioning. 

PROTEIN PROPERTIES 

TRY and CPC displayed indistinguishable expression patterns in 
leaves (Schellmann et al., 2002), yet the trichome phenotypes of 
try and epe single mutants are very different. These suggested that 
the amino acid sequences of R3 MYBs play important roles in 
determining its functionality. The importance of protein prop- 
erties in determining its functionality has been supported by 
genetic complementation studies, in particularly promoter swap- 
ping assays. For example, when TCL1 was expressed under the 
control of TRY or CPC promoter in try and epe mutant back- 
ground, respectively, TCL1 was only able to partially rescue the 
trichome and root hair phenotypes of try and epe mutants (Wang 
et al., 2007), indicating that TCL1 does not function equiva- 
lently with TRY or CPC. On the other hand, the expression of 
TRY under the control of TRY or CPC promoter could com- 
pletely rescue the trichome clustering phenotype of try mutant 
whereas the expression of CPC under TRY promoter could not 
(Pesch and Hiilskamp, 2011), suggesting that the specific role of 
TRY in regulating trichome cluster formation is not based on 
its transcriptional regulation but on specific protein properties. 
Furthermore, it has been suggested that TRY protein has specific 
properties relevant in the context of both cluster formation and 
trichome density (Pesch and Hiilskamp, 201 1). 

Differences in R3 MYB protein properties have also been 
observed in other studies. For example, by using promoter-swap 



experiments, Simon et al. (2007) compared the ability of several 
R3 MYBs to rescue the root hair phenotype of epe mutant under 
CPC promoter. It was found that ETC1 possessed the best abil- 
ity, followed by ETC3, TRY, and ETC2, revealing differences in 
protein properties. 

Taken together, the functional specificity of each R3 MYB 
was determined both by the promoter activity of each gene and 
the biochemical property of each protein. Which aspect of pro- 
tein properties do R3 MYBs differ? The precise answer for this 
question is unclear. Recent studies, however, have revealed some 
possibilities. 

Binding strength to GL3/EGL3 

During trichome patterning, two important actions of R3 MYBs 
at the protein level are the competition with GL1 for bindings 
GL3 and the movement from trichome cell to its neighboring 
cells. The transcriptional activity and their binding strength with 
bHLH transcription factors (GL3/EGL3) of R3 MYBs have been 
studied in the yeast system and the bi-molecular fluorescence 
complementation (BiFC) system (Wester et al., 2009), and in 
the Arabidopsis mesophyll protoplast transient expression system 
(Wang et al., 2008). Although these assays could not distinguish 
differences in protein stability, these studies indicate that differ- 
ences in biochemical property do exist among members of R3 
MYBs. It was found that R3 MYBs including TRY, CPC, ETC1, 
ETC2, and ETC3 differ in their binding strength to GL3 (Wester 
et al, 2009). Furthermore, by using the yeast three-hybrid sys- 
tem, it was found that R3 MYBs' capacity to compete with GL1 
for binding to GL3 also differs with CPC being the most potent 
inhibitor followed by ETC1, TRY, ETC3, and ETC2 (Wester et al, 
2009). Such differences in competing GL1 for binding GL3 may 
contribute to the functional specificities of R3 MYBs. 

Cell-to-cell movement 

The cell-to-cell movement motif is conserved in all R3 MYB 
proteins, and the cell-to-cell movement has been experimentally 
demonstrated for CPC and ETC3 (Kurata et al., 2005; Wester 
et al., 2009). It has been shown that CPC is able to move read- 
ily within the root epidermis when its expression level is high 
(Kang et al, 2013). CPC is capable of moving from the stele tis- 
sue in the center of the root to the outermost epidermal layer, 
where it can induce the hair cell fate (Kang et al., 2013). The 
accumulation and localization of CPC in the nuclei of H-position 
cells require EGL3. During trichome patterning, it was found that 
ETC3 protein was localized in the nucleus as well as in the cyto- 
plasm in trichome initials whereas ETC3 protein was restricted to 
the nucleus in surrounding cells (Wester et al., 2009), indicating 
that ETC3 protein likely moves from the trichome initial into the 
neighboring epidermal cells. The cell-cell movement of ETC3 was 
further confirmed using the particle bombardment in single leaf 
epidermal cells (Wester et al, 2009). Mathematical analysis sug- 
gests that the mobility of the inhibitors depends on their affinity 
for GL3 and predicted that ETC3 moves faster than CPC (Wester 
et al, 2009). This prediction was experimentally validated in par- 
ticle bombardment experiments (Wester et al., 2009). Therefore, 
the difference in cell-to-cell movement ability may also contribute 
to the function specificities of R3 MYB proteins. 
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Protein subcellular localization 

At the protein level, all R3 MYBs are localized in the nucleus 
as expected for transcription factors but several R3MYB pro- 
teins such as TCL1 (Wang et al, 2007), CPC (Serna, 2008) and 
ETC3 (Wester et al., 2009) are also found to be localized to a 
site around plasma membrane. Recently, it has been found that 
subcellular localization of R3 MYBs and GL1 affects their func- 
tionality (Pesch et al., 2013). AtMYCl, a homolog of GL3 and 
EGL3, can regulate the intracellular localization of GL1, TRY and 
CPC. AtMYCl can relocate GL1 from the nucleus into the cyto- 
plasm and can be recruited into the nucleus by TRY and CPC. 
It was suggested that AtMYCl represses the activity of TRY and 
CPC (Pesch et al., 2013). It remains unclear to what extent, differ- 
ences in protein subcellular location of R3 MYBs may affect their 
functionalities. 

Protein stability 

It is known that the degradation of GL3 and EGL3 proteins 
is ubiquitin/26S proteasome-dependent (Patra et al, 2013). 
However, no study has been conducted to directly compare the 
protein stability of R3 MYBs though it was suggested that a muta- 
tion at Lysinel9 (K19) of ETC2 may affect its protein stability 
(Hilscher et al., 2009). This amino acid is also conserved in TRY, 
CPC, TCLl,andTCL2,butnotinETCl andETC3 (Figure 1). It is 
unclear whether such a difference may contribute to the function 
specificities of R3 MYB proteins 

REGULATION OF EXPRESSION OF R3 MYB GENES 

As discussed above, the trichome and root hair initiation involves 
feedback loop controls. In addition to inducing GL2 expression, 
the TTG1-GL3/EGL3-GL1 (in trichome initiation) and TTG1- 
GL3/EGLs-WER (in root hair formation) activator complexes 
also induce the expression of R3 MYB genes. Consistent with 
these modes, CPC has been identified as a direct target gene for 
WER (Koshino-Kimura et al, 2005; Ryu et al., 2005). WER pro- 
tein binds three sites in the CPC promoter region, designated 
WBSI, WBSII/CPCMBSI and CPCMBSII, and regulates its tran- 
scription. Furthermore, both GL1 and GL3 have been shown to 
be recruited to the promoter region of CPC and ETC1 (Morohashi 
et al, 2007; Zhao et al, 2008). 

Recent studies suggested the expression of R3 MYB gene may 
also be controlled by other mechanisms. By using an Arabidopsis 
protoplast transient expression system, it was found that co- 
transfection of GL1 or WER, with GL3 or EGL3, is required and 
sufficient to activate TRY, CPC, ETC1, and ETC3, but not TCL1, 
TCL2 or ETC2 (Wang et al, 2008; Gan et al, 201 1). Furthermore, 
MIR156-regulated SPLs (SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE), which are known to play important roles in 
regulating phase transition and flowering, have been shown to be 
able to directly activate the expression of TCLi and TRY through 
binding to their promoters and that this activation is indepen- 
dent of GL1 (Yu et al., 2010). Reduced expression of TCL2 in 
35S:MIR156 transgenic plants suggested that MIR1 56-targeted 
SPLs may also regulate the expression of TCL2 (Gan et al., 201 1). 

Finally, the proposed regulatory feedback loop between the 
activators and the inhibitors can also lead to an auto-repression 
of the inhibitors. Specifically, binding of R3 MYB to GL3 can 



displace GL1 thereby inactivating the activator complex by form- 
ing a different protein complex through the replacement of GL1 
with R3 MYBs. Consequently, this creates a shortcut of the reg- 
ulatory feedback and results in the repression of R3 MYB own 
expression. 

MODES OF ACTION OF R3 MYBs 

As discussed above, the mode of action of R3 MYBs in tri- 
chome and root hair development is very similar. The action 
of R3 MYBs in root hair patterning has been discussed in sev- 
eral recent review articles (Ishida et al., 2008; Schiefelbein et al., 
2009; Tominaga-Wada et al, 2011; Grebe, 2012; Ryu et al, 2013; 
Schiefelbein et al, 2014). To avoid redundancy, here we only focus 
on describing the action of R3 MYBs in trichome development. 
Genetic and molecular studies suggested that R3 MYBs move 
from a trichome precursor cell to its neighboring cell to compete 
with GL1 for binding GL3 or EGL3, thus limiting the activ- 
ity of the TTG1-GL3/EGL3-GL1 activator complex and resulting 
in decreased expression of GL2; this results in the inhibition of 
trichome formation (Figure 3). During trichome patterning, reg- 
ulatory feedback loops include several important events: (1) the 
activation of the inhibitors by the activators, (2) the movement 
of inhibitors between cells, (3) the repression of the activators by 
the inhibitors, and (4) the auto-repression of the inhibitors. These 
events created differences between cells and ultimately result in a 
pattern of trichome and non-trichome cells. This model of action 
of R3 MYBs is supported both by the binding between R3 MYBs 
and GL3 and the cell-to-cell movement of MYBs. For example, 
all seven R3 MYBs have been shown to interact with GL3 in 
Arabidopsis protoplasts (Wang et al, 2008; Gan et al., 201 1). CPC 
and ETC3 have been shown to be able to move from cell to cell 
(Kurata et al, 2005; Wester et al, 2009). Although the cell-to- 
cell movement of other R3 MYBs has not been experimentally 
demonstrated, the cell-to-cell movement motif is conserved in all 
seven R3 MYBs (Figure 1). 

Recent studies revealed that R3 MYBs also use other distinc- 
tive mechanisms to regulate trichome development. Both TCLI 
and TCL2 can directly suppress the transcription of GL1 (Wang 
et al, 2007; Gan et al, 2011), a member of the TTG1-GL3/EGL3- 
GL1 activator complex. Chromatin immunoprecipitation assay 
indicated that TCLI or its protein complex can directly bind the 
cis-acting elements that are required for the proper expression of 
GL1 (Wang et al., 2007). Overexpression of TCLI resulted in sup- 
pression of GL1 and loss-of-function of TCLI resulted in elevated 
expression of GL1 (Wang et al., 2007). Thus, some R3 MYBs, such 
as TCLI and TCL2, have dual roles in disrupting the function- 
ality of the activator complex: competing with GL1 for binding 
GL3 and suppressing the expression of GL1. The suppression of 
GL1 expression by R3 MYBs provides an additional regulation 
loop to control the activity of activator complex. However, it is 
unknown if this represent a general mechanism for all mem- 
bers of R3 MYBs. It has been shown that overexpression of CPC 
could also drastically suppress the expression of GL1 (Wang et al., 
2007), suggesting other members of R3 MYB family could also 
function in a similar manner as TCLI to directly suppress the 
transcription of GL1. However, it remains elusive whether such 
a suppression mechanism may also operate similarly during root 
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FIGURE 3 | Model of action of R3 MYB transcription factors in 
controlling trichome formation. TTG1 , GL3/EGL3, and GL1 form an 
activator complex to regulate the transcription of GL2 and R3 MYB genes. 
R3 MYBs can move from a trichome precursor cell (left) to its neighboring 
cell (right) to compete with GL1 for binding GL3 or EGL3, thus limiting the 
activity of the TTG1-GL3/EGL3-GL1 activator complex and resulting in 
decreased expression of GL2. In addition, some R3 MYBs, such as TCL1 
and TCL2, can suppress the transcription of GL1. These events create 
differences between cells and ultimately result in a pattern of trichome and 
non-trichome cells. For simplicity, EGL3 is not shown in the model. 
R3, R3 MYBs. 



hair patterning because overexpression of CPC was not able to 
change either the expression pattern or expression level of WER 
in roots (Song et al., 2011). 

Cell fate in both trichome and root hair development is deter- 
mined by competition between positive regulators and negative 
regulators. For both systems, models explaining pattern forma- 
tion are similar. These models are largely based on a feedback 
loop in which the positive regulators activate the negative regu- 
lators and the negative regulators inhibit the activators, with the 
negative regulators being able to move between cells. Although 
the same machinery is central to the spatial regulation of root 
hair and trichome patterning, the context is different. Trichome 
formation can occur without a recognizable reference to other 
structures except for other trichomes whereas root hair patterning 
is position-dependent with root hairs normally form only in epi- 
dermal cells overlying a cleft between two underlying cortex cells. 
Such a position-dependent pattern is dependent on a leucine-rich 
repeat receptor-like kinase SCRAMBLED (SCM) which inhibits 
WER expression in the H cell position (Kwak et al., 2005; Kwak 
and Schiefelbein, 2007). 

Since both GL2 and R3 MYB genes are activated by the same 
TTG1-GL3/EGL3-GL1 activator complex but having opposite 
roles in trichome formation, one might wonder the relation- 
ship between GL2 and R3 MYBs in regulating trichome forma- 
tion. One genetic approach answering this question is to analyze 



double mutants and higher order mutants between gl2 and R3 
MYB mutants. By doing that, it was found that R3 MYBs could 
still negatively regulate trichome formation in a redundant man- 
ner in g\2 mutant background (Wang et al., 2010). These studies 
suggested that R3 MYBs could control trichome formation in a 
GL2-independent manner. The implication of these studies is that 
trichome formation may require the expression of other genes in 
addition to GL2. These studies called for additional models for 
the regulation of trichome development. 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

R3 MYBs are best characterized for their regulatory roles in tri- 
chome and root hair development. In the last two decades, great 
progress has been made to elucidate the molecular mechanism 
of action of R3 MYBs in cell type specification. However, sev- 
eral questions remained to be answered. Firstly, the regulation 
of expression of R3 MYB genes needs further exploration. Not 
all members of R3 MYB genes are regulated by the activator 
complex. Only the expression of TRY, CPC, ETC1, and ETC3 
were found to be regulated by the TTG1-GL3/EGL3-GL3 acti- 
vator complex. The expression of TCL1, TCL2, and TRY can be 
regulated by M7J?i56-mediated SPLs. Little is known about how 
the expression of ETC2 is regulated. When tested in protoplasts, 
none of the SPLs tested could activate Gal4:GUS reporter gene 
when recruited to the Gal4 promoter by a Gal4 DNA binding 
domain, suggesting that SPLs may need co-activator (s) to activate 
the transcription of R3 MYB genes (Gan et al, 2011). Secondly, 
the molecular mechanism of action of R3 MYBs in regulating 
trichome formation needs to be investigated further. It has been 
previously thought that R3 MYBs inhibit trichome formation via 
their competition with GL1 for binding GL3/EGL3, thus limiting 
the activity of the TTG1-GL3/EGL3-GL1 activator complex and 
resulting in the down regulation of GL2. Now it is known some R3 
MYBs, such as TCL1 and TCL2, also directly suppress the expres- 
sion of GL1, which also results in the down regulation of GL2 that 
is required for trichome formation. Adding another layer of com- 
plexity, recent results suggested R3 MYBs may regulate trichome 
formation in a GL2-independent manner (Wang et al., 2010). 
Therefore, the relationship between GL2 and R3 MYB genes in 
the regulation of trichome formation deserves further investi- 
gation. A comprehensive systems approach integrating genetic, 
genomic and computational analyses would be essential for dis- 
secting complex regulatory networks (Bruex et al., 2012). Thirdly, 
the movement of R3 MYBs and components of activator complex 
deserves further investigation. Mathematical model suggested 
that the movement of both R3 MYBs and GL3 are important 
for root epidermal patterning (Savage et al., 2008). However, dis- 
crepancies in the movement of components of activator complex 
have been observed. In roots, it was reported that GL3 protein 
moves from the hair cells to the non-hair cells (Bernhardt et al., 
2005). However, in a particle bombardment experiment using 
GFP fusion proteins, it was found that TRY and CPC, but not GL1 
or GL3, can move between cells (Digiuni et al., 2008). In a sim- 
ilar particle bombardment experiment, it was shown that none 
of TTG1, GL3, GL1 or GL2 moves between adjacent epidermal 
cells whereas CPC moves to neighboring cells (Zhao et al., 2008). 
Furthermore, it is unclear whether the cell-to-cell movement of 
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R3 MYB proteins is directional. If so, what controls the direc- 
tional movement of R3 MYB proteins? A recent study has shed 
lights on the mechanism of possible directional cell-to-cell move- 
ment of R3 MYB proteins (Kang et al, 2013). Specifically, CPC 
is preferentially expressed in non-hair cells but acts in the root- 
hair cells. This directional cell-to-cell movement of CPC involves 
EGL3 which traps CPC protein in the root hair cells (Kang et al., 
2013). Fourthly, trichome and root hair patterning involve both 
negative and positive feedback within and between cells. Much 
is known about the negative feedback mechanism in which R3 
MYBs disrupt the functionality of TTGl-bHLH-MYB activator 
complex but less is known about the positive feedback. In root 
hair patterning, MYB23 functions in the positive feedback loop 
which can substitute the function of WER and bind to its own 
promoter (Kang et al., 2009). Such a positive feedback can rein- 
force cell fate decision and ensure robust establishment of the 
cell type pattern. Finally, R3 MYBs are wildly distributed in plant 
kingdom. It would be of great interest to examine if they regulate 
trichome formation in other plant species in a similar manner as 
that in Arabidopsis. Emerging evidence supports that this is likely 
the case (e.g., Tominaga-Wada et al., 2013a). Trichomes in many 
plant species (e.g., cotton fiber) are of great economic values. 
Manipulation of R3 MYBs expression can potentially contribute 
to the increase of productivity and quality in economic crops. 
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Figure S1 | Amino acid sequence alignment of R3 MYBs with other MYBs. 

Identical and similar amino acids are shaded in black and gray, 
respectively. The amino acids of [D/E]l_X2[R/K]x3l_X6Lx3R signature that is 
required for interaction between MYBs and R/B-like bHLH transcription 
factors are indicated by red arrowheads on the top of amino acids. The 
amino acids of WxM motif that is crucial for cell-to-cell movement are 
indicated by blue arrowhead on the top of amino acids. The pattern of 
primary structure of MYB repeat, MxisWx-jgW, is indicated by arrows on 
the bottom of amino acids. 



Figure S2 | Phylogenetic analysis of R3 MYBs with other MYBs. The entire 
amino acid sequences of single repeat R3 MYB transcription factors were 
used for phylogenetic analysis using tool on www.phylogeny.fr with 
default settings. 

Figure S3 | Amino acid similarity and identity of R3 MYBs and other MYBs. 

Figure S4 | Amino acid sequence alignment of ETC3 variants. Identical and 
similar amino acids are shaded in black and gray, respectively. The amino 
acids of [D/E]Lx2[R/K]x3LxeLx3R signature that is required for interaction 
between MYBs and R/B-like bHLH transcription factors are indicated by 
arrowheads on the top of amino acids. The amino acids of WxM motif that 
is crucial for cell-to-cell movement are indicated by arrowheads on the 
bottom of amino acids. 
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